Introduction {#s1}
============

Atherosclerosis, one of the major underlying causes of cardiovascular disease, is an inflammatory response in the walls of arteries largely due to the progressive accumulation of lipid and fibrous deposits in the vessel wall^\[[@b1]\]^. When it happens in the arteries that feed the heart, it causes coronary artery disease. If it develops in the arteries that feed the brain, it results in stroke. Numerous epidemiological studies have provided unquestionable evidence that plasma levels of cholesterol, especially low density lipoprotein cholesterol (LDL-C), are positively correlated with the risk of atherosclerosis^\[[@b2]-[@b3]\]^. LDL is produced as a metabolic by-product of very low density lipoprotein (VLDL), a triglyceride-rich lipoprotein produced exclusively by the liver. LDLs are the major cholesterol transport vesicles in the blood. Approximately 65-70% of plasma cholesterol in humans is transported as LDL^\[[@b2],[@b3]\]^. Cholesterol is carried in the highly hydrophobic core of LDL particles in its esterified form. When plasma LDL-C concentrations are too high, such as in patients with autosomal dominant/recessive hypercholesterolemia, it slowly builds up in the inner walls of the arteries, becomes oxidized and promotes the accumulation of monocyte-derived macrophages. In turn, these take up lipoprotein cholesterol and form foam cells, consequently initiating atherosclerosis^\[[@b4]-[@b5]\]^.

The LDLR and cardiovascular disease {#s2}
===================================

The LDLR in the liver is the protein primarily responsible for removal of LDL from the circulation^\[[@b2],[@b3]\]^. The LDLR consists of 7 ligand-binding repeats (LR1-7) at the *N* terminus followed by the so-called epidermal growth factor (EGF) precursor homology domain ([***Fig. 1***](#f01){ref-type="fig"}). The clustered *O*-linked sugar region (a threonine- and serine-rich region) is followed by the transmembrane domain and a relatively short cytoplasmic tail that are located downstream of the EGF precursor homology domain. Each LR consists of 7 individual 40-amino acid cysteine-rich tandem repeats. LR3 to LR7 are important for the binding of apolipoprotein B-100 on the surface of LDL, while LR4 and LR5 are important for binding to apolipoprotein E on VLDL surface^\[[@b6]\]^. The EGF precursor domain contains two cysteine-rich EGF-like domains (EGF-A and EGF-B) followed by a *β*-propeller domain/YWTD repeats and a third EGF-like domain (EGF-C)^\[[@b7]\]^. These EGF and YWTD repeats are required for lipoprotein release from the receptor in the endosome and recycling of the LDLR to the cell surface^\[[@b8],[@b9]\]^. The cytoplasmic tail of LDLR contains all the sequences required for receptor clustering in clathrin-coated pits and for internalization of the receptor^\[[@b8]\]^. The crystallographic structure of the extracellular domain of the LDLR suggests that the extracellular domain of the cell-surface LDLR (neutral pH) adopts an extended linear conformation (open conformation) that favors interactions between the ligand binding repeats and LDL^\[[@b10]\]^. Upon ligand binding, the receptors are internalized via clathrin-coated pits and delivered to endosomes^\[[@b2]-[@b3]\]^. In the low pH environment of the endosome, the LDLR undergoes a conformational change so that LR4 and LR5 form a physical interaction with YWTD in the EGF precursor homology domain (closed conformation, [***Fig. 1B***](#f01){ref-type="fig"})^\[[@b10]\]^. The acid-dependent conformational change in the LDLR promotes the release of the bound LDL that is delivered to lysosomes for degradation ([***Fig. 1C***](#f01){ref-type="fig"}) and signals recycling of the LDLR to the cell surface ([***Fig. 1D***](#f01){ref-type="fig"}). Usually, each LDLR undergoes multiple rounds of internalization and recycling.

![LDLR-mediated LDL uptake.\
A: LDL binds to the LDLR on the cell surface, enters into cells via clathrin-dependent endocytosis, and delivered to endosomes^\[[@b62]\]^. B: The conformation of the LDLR is changed to a close conformation in the low pH environment of the endosome, which promotes the release of the bound LDL^\[[@b10]\]^. C: Released LDL is delivered to lysosomes for degradation. D: The LDLR is recycled to the cell surface.](jbr-29-05-356-g001){#f01}

Mutations in the LDLR cause familial hypercholesterolemia (FH), an inherited disorder associated with elevated circulating levels of cholesterol, specifically LDL-C, which causes tendon and skin xanthomas, arcus corneae and/or cardiovascular deposits and leads to increased risk in coronary heart disease and mortality^\[[@b2]-[@b3]\]^. FH is the most common autosomal dominant hypercholesterolemia (ADH) with a frequency of 1 in 500 people for heterozygous FH. *Ldlr^-/-^* mice fed a chow diet display total non-fasting plasma cholesterol levels that are about two-fold higher than wild type littermates^\[[@b11]\]^. When fed a high fat/high cholesterol diet, *Ldlr^-/-^* mice show severely increased plasma levels of LDL-C, develop atherosclerosis, and are susceptible to obesity and diabetes^\[[@b12]-[@b14]\]^.

LDLR is transcriptionally regulated by the sterol regulatory element binding protein 2 (SREBP-2)^\[[@b2],[@b3]\]^. Statins, currently the most prescribed lipid-lowering drugs, act by inhibiting 3-hydroxy-3-methylglutaryl-CoA reductase that is the rate-limiting enzyme in de novo cholesterol synthesis, activating the sterol-dependent processing of SREBP-2 pathway and increasing the level of the LDLR, which results in decreased *de novo* cholesterol synthesis and plasma LDL-C levels^\[[@b2],[@b3]\]^. The LDLR is also post-translationally regulated by proprotein convertase subtilisin/kexin-type 9 (PCSK9) and inducible degrader of the LDLR (IDOL)^\[[@b15]-[@b17]\]^. PCSK9 binds to LDLR and promotes lysosomal degradation of the receptor^\[[@b15],[@b16]\]^, while IDOL down-regulates LDLR via the polyubiquitination and lysosomal degradation pathway^\[[@b17]\]^. In this review, we summarize the recent findings about the important roles of PCSK9 in regulating the expression of the LDLR.

PCSK9 and the LDLR {#s3}
==================

Recently, a third form of ADH was identified that is caused by selected missense mutations in PCSK9^\[[@b18],[@b19]\]^. Genetic studies have demonstrated that PCSK9 plays a major regulatory role in cholesterol homeostasis. Gain-of-function mutations of PCSK9 cause higher plasma LDL-C levels and lead to accelerated atherosclerosis and premature coronary heart disease^\[[@b18]-[@b20]\]^. On the other hand, loss-of-function mutations result in low concentrations of LDL-C and protection from coronary heart disease^\[[@b21]-[@b23]\]^. For example, African Americans who are heterozygous for one of two nonsense mutations in *PCSK9* (Y142X and C679X) show a 30%-40% reduction in plasma LDL-C concentrations and an 88% reduction in coronary heart disease over a 15-year period^\[[@b21]\]^. *PCSK9^-/-^* mice, as well as humans with PCSK9 loss-of-function mutations show increased sensitivity to statins. Thus, inhibition of PCSK9 dramatically reduces plasma levels of LDL-C. Indeed, administration of monoclonal antibodies against PCSK9 to heterozygous FH patients significantly reduces their plasma levels of LDL-C^\[[@b24]-[@b26]\]^.

PCSK9 is a member of the subtilisin-like serine protease family that includes 7 basic amino acid-specific proprotein convertases (PC): PC1, PC2, furin, PC4, PC5/6, PACE4, and PC7, as well as two members, site-1 protease and PCSK9, that cleave at the carboxyl terminus of non-basic residues^\[[@b27]\]^. PCSK9 is a 692-amino acid secreted glycoprotein that consists of a signal sequence followed by a prodomain, a catalytic domain, and a cysteine- and histidine-rich C-terminal domain ([***Fig. 2***](#f02){ref-type="fig"}). PCSK9 is synthesized as a zymogen and undergoes autocatalytic cleavage in the endoplasmic reticulum (ER) at the FAQ152SIPK site ([***Fig. 2A***](#f02){ref-type="fig"}). The autocatalytic cleavage is required for protein maturation and secretion^\[[@b28]\]^. The cleaved N-terminal prodomain is tightly associated with the rest of the catalytic C-terminus and secreted together from cells, physically shielding the catalytic activity as the protein transits through the secretory pathway^\[[@b27]\]^. Sec24A is required for the transport of PCSK9 from the ER to the Golgi, while sortilin interacts with PCSK9 in the trans-Golgi network and then facilitates its secretion^\[[@b29]\]^. The expression of *PCSK9* is high in the liver, intestine, kidney, and brain^\[[@b30]\]^ and regulated by the SREBP2 pathway^\[[@b31]\]^. PCSK9 is present in human plasma^\[[@b15],[@b32]-[@b34]\]^, and circulating levels of PCSK9 correlate with plasma levels of LDL-C but not HDL-C^\[[@b33]-[@b34]\]^. Overexpression of recombinant PCSK9 in the liver of mice causes a significant reduction in hepatic LDLR protein levels without any effect on its mRNA levels and produces severe hypercholesterolemia^\[[@b28],[@b35]-[@b36]\]^. On the other hand, knockdown or knockout of *PCSK9* expression in mice leads to increased levels of LDLR protein in the liver and accelerated LDL clearance^\[[@b37]-[@b38]\]^. The natural gain-of-function mutation, D374Y, has a significantly increased binding affinity for the LDLR and promotes LDLR degradation much more efficiently than the wild type protein^\[[@b15],[@b39]\]^, leading to a severe form of hypercholesterolemia^\[[@b18]\]^. FH mutation, LDLR-H306Y, binds PCSK9 with a higher affinity and exhibits enhanced sensitivity to PCSK9^\[[@b40]\]^. Taken together, these findings demonstrate that the role of PCSK9 in homeostatic control of plasma LDL-C levels is dependent upon PCSK9-promoted degradation of the LDLR, thereby preventing clearance of LDL-C by the cells^\[[@b15]-[@b16],[@b28],[@b35]-[@b37],[@b41]-[@b44]\]^.

![PCSK9 secretion and PCSK9-promoted LDLR degradation.\
PCSK9 contains a signal sequence followed by a prodomain, a catalytic domain, and a cysteine- and histidine-rich C-terminal domain. **PCSK9 secretion:** A: The protein is synthesized as a zymogen in the ER and then undergoes autocatalytic cleavage between the prodomain and the catalytic domain. The cleaved prodomain is tightly associated with the catalytic domain. B: PCSK9 is transported to the Golgi, where post-translational modifications, such as glycosylation and sulfation, occur. C: Mature PCSK9 is secreted from the cells. **PCSK9-promoted LDLR degradation: (1)** The catalytic domain and prodomain of PCSK9 bind to EGF-A and YWTD repeats of the LDLR, respectively. **(2)** PCSK9-LDLR complex enters into cells via clathrin-dependent endocytosis and is delivered to the endosome. **(3)** PCSK9 strongly binds to the LDLR at the acidic endosomal environment, which blocks recycling of the LDLR to the cell surface. **(4)** PCSK9-LDLR complex is transported to the lysosome for degradation.](jbr-29-05-356-g002){#f02}

Studies in cultured cells and parabiotic mice demonstrated that PCSK9 promotes degradation of the LDLR extracellularly in an adaptor protein autosomal recessive hypercholesterolemia (ARH)-dependent manner in hepatocytes and lymphocytes^\[[@b15]-[@b16],[@b41],[@b44]\]^. However, ARH is not required for PCSK9-promoted LDLR degradation in fibroblasts^\[[@b44]-[@b45]\]^. McNutt *et al.*^\[[@b40]\]^ showed that PCSK9 causes degradation of the LDLR primarily through interaction with the receptor on the cell surface. However, overexpression of PCSK9 in cultured cells and mouse liver induces LDLR degradation intracellularly^\[[@b36]-[@b46]\]^. Thus, PCSK9 may be active within cells. Recently, Poirier *et al.*^\[[@b47]\]^ reported that, upon dose and incubation period, PCSK9 could act both intracellularly and extracellularly to promote LDLR degradation in cultured cells and mouse primary hepatocytes. In addition, PCSK9\'s action on the LDLR is cell-type specific. Increased plasma levels of PCSK9 in mouse through infusion of purified PCSK9 or transgenic overexpression in the kidneys preferentially promote LDLR degradation in the liver but not in the adrenal glands^\[[@b48]-[@b49]\]^. Consistently, the adrenal function of a human subject with no detectable plasma PCSK9 is normal^\[[@b50]\]^. In cultured cells, expression of PCSK9 in some cell types, such as human hepatoma cells (HepG2 and HuH7), dramatically reduces LDLR levels^\[[@b15]-[@b16],[@b36],[@b41],[@b51]\]^. On the other hand, PCSK9 appears to not affect LDLR expression in Chinese hamster ovarian cells (CHO-K1), monkey kidney cells (COS-7) and rat liver cells (McArdle RH7777)^\[[@b15]-[@b16],[@b36],[@b52]\]^. Recently, studies from Mayer *et al.*^\[[@b53]\]^ showed that the C-terminal cysteine- and histidine-rich domain of PCSK9 directly interacts with annexin A2, which subsequently inhibits PCSK9-promoted LDLR degradation. The high expression of annexin 2 in fibroblasts and COS-7 cells may account for PCSK9-resistance in these cells. On the other hand, the dissociation of PCSK9 for the LDLR after endocytosis may be responsible for the inability of PCSK9 to promote LDLR degradation in human skin fibroblasts SV-589^\[[@b54]\]^.

Secreted PCSK9-promoted degradation of the LDLR requires binding of PCSK9 to the LDLR and internalization of the receptor but does not require the proteolytic activity of PCSK9^\[[@b15]-[@b16],[@b55]\]^. We have shown that PCSK9 interacts with the EGF-A of the LDLR at the cell surface and binds the receptor with a much higher affinity at the acidic environment of the endosome ([***Fig. 2***](#f02){ref-type="fig"}). Consequently, the receptor traffics from the endosome to the lysosome for degradation, rather than being recycled^\[[@b16]\]^. Binding of PCSK9 to LDLR interferes with the acid-dependent conformational change of the receptor but disrupting the pH-dependent conformational change in the LDLR is not sufficient to trigger LDLR degradation^\[[@b41]\]^. In addition, we demonstrated that YWTD repeats and a minimum of three ligand-binding repeats in the LDLR that are not required for PCSK9 binding at neutral pH are essential for efficient LDLR degradation induced by PCSK9^\[[@b41]-[@b42]\]^. We also reported that the C-terminal domain of PCSK9 is essential for PCSK9-promoted degradation of the LDLR but is not required for binding to the LDLR at the neutral pH values^\[[@b41]\]^. The X-ray crystallographic structure of PCSK9-LDLR complex shows that YWTD repeats of the LDLR interact with the prodomain of PCSK9^\[[@b56]\]^. Several biochemical studies indicate that the negatively charged ligand binding repeats of the LDLR may interact with the positively charged C-terminal domain of PCSK9 in the acidic endosomal environment, to enhance PCSK9 binding^\[[@b57]-[@b59]\]^ ([***Fig. 2***](#f02){ref-type="fig"}, step 3). Neither PCSK9 or the LDLR contains a lysosomal targeting signal. Presently, the mechanism by which binding of PCSK9 to the LDLR reroutes the receptor to the lysosomes for degradation is not understood and is believed to be complex.

Conclusion {#s4}
==========

Phase III clinical trials of the monoclonal antibodies against PCSK9 show impressive LDL-C-lowering effect of PCSK9 inhibition in heterozygous and homozygous FH patients, high-risk patients intolerant to statins, and patients with poor LDL-C-lowering response even with maximally tolerated statin dosages^\[[@b24]-[@b26]\]^. Furthermore, when adding to the statin therapy, PCSK9 inhibitors can markedly reduce cardiovascular events, such as myocardial infarction and ischemic stroke, with no significant adverse side effects^\[[@b24],[@b26]\]^. However, low plasma cholesterol levels have been linked to increased cancer incidence or mortality and higher hemorrhagic stroke risk^\[[@b60]\]^. Sattar *et al*. reported that statin treatments are associated with a 9% increased risk for incident diabetes^\[[@b61]\]^. With approval of PCSK9 inhibitors imminent, the potential for harm of PCSK9 inhibition needs to be evaluated. In addition, all PCSK9 inhibitors currently under phase III clinical trials are monoclonal anti-PCSK9 antibodies. Given that the treatment of patients with hypercholesterolemia is lifelong and the antibody therapy requires injections of large amounts of antibodies to achieve clinical efficacy with extremely high production costs, the wide use of these drugs may be limited. Thus, the need for more effective and more cost-efficient therapies to lower LDL-C is urgent. However, the molecular mechanisms of PCSK9-promoted LDLR degradation are not completely understood, which impedes the future design of PCSK9 specific small molecule inhibitors. Crystallographic studies of PCSK9-EGF-AB complex show that the interaction face between the catalytic domain of PCSK9 and the EGF-A of the LDLR is relatively flat and big, making it impossible to design a specific inhibitor to block the interaction between PCSK9 and the EGF-A of the LDLR. Therefore, mechanistic studies of PCSK9-promoted LDLR degradation, such as identification of new interaction regions between PCSK9 and the LDLR and potential cofactors important for PCSK9-promoted LDLR degradation, are necessary.
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